We describe our design for an imaging far-infrared spectrometer for NASA/DARA's SOFIA observatory. The design of the instrument is driven by the goal of maximizing observing efficiency. Since the sensitivity of well designed FIR instruments is limited by the thermal background of telescope and atmosphere, observing efficiency can only be increased by increasing the throughput of the spectrometer and the number of simultaneous (useful) data channels. Our instrument will feature two separate medium resolution (R ' 1700) grating spectrometers with common foreoptics feeding two large Ge:Ga arrays (16 x 25 pixels). The two Littrow spectrometers operate between 45 -11Ojm, and 110 -21Om, resp., in 1st and 2nd order. Multiplexing takes place both spectrally and spatially. An image slicer redistributes 5 x 5 pixel fields-of-view (..s diffraction-limited in each wave band) along the 1 x 25 pixel entrance slits of the spectrometers. Anamorphic collimator mirrors help keep the spectrometer compact in the cross-dispersion direction. The spectrally dispersed images of the slits are anamorphicly projected onto the detector arrays, to independently match spectral and spatial resolution to detector size. We will thus be able to instantaneously cover a velocity range of 1500 km/s around a selected FIR spectral line, for each of the 25 spatial pixels. For calibration and fiatfielding we use blackbody calibrators internal to the instrument, at signal levels comparable to the thermal background of the telescope. An image rotator compensates field rotation during long integrations. Estimated sensitivity of the spectrometer is 2 x lO_15W/vii/pixel.
INTRODUCTION
Imaging spectroscopy in the far-infared (FIR) has proven an invaluable tool to study the physics and chemistry of the interstellar medium (ISM) and to learn about phenomena as diverse as star formation, galaxy interaction, or repositories of the chemical elements in the Universe.
Based on the experience with our imaging Fabry-Perot spectrometer (FIFI)1'2 on the KAO we are now building a successor instrument for SOFIA which will open up the FIR to observations with much higher angular resolution and much improved sensitivity thanks to the larger collecting area and lower emissivity of the telescope. Our main scientific goals include detailed morphological studies of the heating and cooling of galaxies, star formation and the ISM under low-metallicicty conditions as found in dwarf galaxies, active galactic nuclei and their environment, starbursts , and merging/interacting galaxies.
For these observations, very high spectral resolution (R > 2000) is not essential; sensitivity and observing efficiency, on the other hand, must be optimized. With these design goals in mind, we have devised our new instrument.
DESIGN CONCEPTS 2.1. Design Criteria
At first glance, a tandem Fabry-Perot spectrometer like FIFI offers several advantages for imaging spectroscopy: It provides the most straightforward implementation of an imaging spectrometer, full beam sampling is easily obtained with a filled detector array, and it can provide high spectral resolution with a moderate collimator size. On the other hand, it suffers from several disadvantages: The optical transmission is not optimum (2 Fabry-Perots + filters in series required), there spectral multiplexing is not possible, and the mechanical complexity is high. In addition, the spatial multiplexing advantage exists only for extended sources with little velocity structure; otherwise, it is partially canceled by the need for a broader spectral scan.
The obvious alternative to a Fabry-Perot based design is one implementing gratings. A grating spectrometer has the advantage of a higher optical transmission compared to a tandem-FP design and a substantial reduction in mechanical complexity of the instrument because it only requires one scanning mechanism as opposed to three position actuators/sensors per FP.
Two "orthogonal" approaches to a grating spectrometer are a long-slit spectrometer, like the AIRES instrument3 for SOFIA, on the one hand, with 1-dimensional spatial multiplexing and spectral multiplexing, or a cross-dispersed spectrometer with purely spectral multiplexing, i.e., full, instantaneous spectral coverage for one spatial point at a time with no mechanical scan at all. One advantage in the latter concept is that one can obtain a full source spectrum. A great disadvantage, however, is the very uneconomical use of the array because detectable lines (at least for weaker sources) are very sparsely distributed over the wavelength range covered. In addition, there are serious technical problems in lining up the spectral traces with the regular grid of the detector array over the full spectral range.
Therefore, we chose a third approach which provides 2-dimensional, spatial mapping over a reduced field of view and, simultaneously, some spectral multiplexing to cover the velocity distribution in, e.g., entire galaxies, and, in any case, to observe a spectral line with good baseline coverage on both sides of the line. The design picks up an idea originally devised for laboratory spectroscopy4 which has been successfully implemented for near-infrared astronomy. 5 
The Imaging Spectrometer Concept
The instrument employs two parallel channels for the wavelength bands 45 -11Ojm and 110 -21Ojm built around two 16 x 25 pixel detector arrays. Each channel provides a resolving power of 1500 -2000 (isv = 150 -200 km/s) with an instantaneous coverage of s 1500 km/s and simultaneous imaging of a 35" x 35" or 70" x 7O field of view, respectively, resolved into 5 x 5 pixels. In each branch, an image slicer employing reflective optics is used to re-arrange this 2-dimensional field of view along a 1 x 25 pixels entrance slit for the grating spectrometer, as schematically shown in Fig. 1 . A "footprint" of the focal-plane on the sky is also shown in Fig. 1 .
In the actual optical design, the image slicer is also used to form a curved entrance slit image in order to compensate for the slit curvature introduced by the grating for off-plane rays. The Littrow-mounted gratings with a length of ' 30 cm are operated in 1st or 1st and 2nd order, respectively, to cover the full wavelength range.
Anamorphic collimating optics expands the beam to an elliptical cross section to illuminate the grating over a length required to reach the desired spectral resolution. In the short-wavelength channel, a switchable filter is used to select the first or second diffraction order. In each path, anamorphic re-imaging optics is employed to independently match the spatial and spectral resolution of the system to the square pixels of the detector arrays.
OPTICAL LAYOUT OF THE INSTRUMENT
A 3-D solid model of the complete optics is shown in Fig. 2 . In the following section we describe first the auxiliary optics and then the spectrometer proper.
Entrance Optics, Chopper Wheel, Calibrators
FIFI LS is mounted just outside the Science Instrument flange of SOFIA (left in Fig. 2) . A (optional) visible dichroic beam splitter (left edge of Fig. 2 ) can be used for a guiding camera. Immediately after that, the FIR beam enters the dewar. All optical elements in the dewar are at cryogenic temperature.
A rotating K-mirror assembly at L-N2 temperature compensates sky rotation. Two chopped black body sources at near L-N2 temperature can be switched into the beam for internal calibration and flatfielding at irradiation levels close to that of the telescope background. In this way, the average load will be the same during observation and internal calibration. The blackbody sources are at a pupil image to have equivalent light paths for observation and internal calibration. This is essential for removing baseline ripples as best as possible -a serious task with a warm telescope and the associated high thermal background. 
The Spectrometer Optical Train
All optics after the calibration part is at L-He temperature. A FIR dichroic beam splitter feeds the long and short, wavelength spectrometers. In the short wavelength path a re-imager (vertical light path at left, of Fig. 2 ) is use(1 to double the image size on the image slicer (see also Table 1 ).
Each of the 5 mirrors in the stack forming the slicer acts as a field mirror, creating a pupil image for each of the slices on one of the 5 re-imaging 'capture mirrors". The latter mirrors arrange the images of the 5 slices along one, slightly curved line on the field-mirror array, which forms the entrance slit to the grating spectrograph and recombines the pupils. The arrangement can be seen in Fig. 3 .
From the two image slicers the beams continue in each branch via the two large mirrors forming the anamorphic collimators (rightmost, and top and bottom. resp.) to the gratings. After returning through the collimators ("Littrow mount") the spectra are reimaged (near center of Fig. 2 ) onto the two detector arrays with appropriate magnification in the "spectral" and "spatial" directions.
The center wavelength of the spectrograph is tuned by tipping the grating. A switchable baud pass filter in the short-A path (not shown) acts as an order sorter for the grating. The 3 rays falling onto the arrays in Fig. 2 represent the spectral fans originating from the central element of the imaged field. 
OPTICAL ENGINEERING 4.1. Optical Design
Within the boundaries set by the instrument envelope, our attempt has been to spatially separate sections of the instrument that receive high light levels from sections that require low light levels to facilitate an efficient baffling scheme for straylight suppression.
The geometrical design, optimization and analysis of the entire optics was carried out with ZEMAX-EE Ver. 6.0. The concept presented here has been proven to deliver diffraction-limited image quality, i.e. the geometrical spot diameters are small compared to the diffraction disk diameter of a point source as imaged by the telescope. Fig. 4 shows the image quality achieved and the success of the slit curvature correction.
The relevant design parameters (image scales, spectral resolution, spectral coverage) are shown in Table 1 .
Optical Performance
The system sensitivity of the instrument at the telescope depends mainly on the optical efficiency, i.e. the fraction of light from an astronomical source arriving at the telescope that actually reaches the detector, and on the thermal background radiation from the telescope or from within the instrument as long as the fluctuations of the background 976 constitute the dominant noise source. As will be shown below, background-noise limited performance can be reached with state-of-the-art photoconductors. Our estimates of the losses introduced by the optical elements inside the instrument (mirrors, filters, grating) due to absorption, scattering or diffraction are based on measured performance data of similar components. where available, or on calulations. Diffraction losses are kept low by oversizing the optics whenever it is possible. The results are summarized in Table 2 . Table 2 . Efficiency of optical elements adopted for calculating system transmission and background.
The grating efficiency depends on wavelength and diffraction order: Table 2 quotes a typical value. The results of a rigorous, vectorial diffraction analysis of the grating efficieny for a realistic grating profile in the actual Littrow configuration are shown in Fig. 5 . The parameters used to calculate the thermal background and the system noise are listed in Table 3 . (a) The plate scale was chosen as a compromise between resolution and efficiency The light from a point source can therefore be distributed over several pixels which is represented by the pixel efficiency 11pxel cIpri x (1.22 x AID)-2.
(b) The BLIP NEP is defined as the optical power incident onto the detector that produces a signal equal to the r.m.s. noise measured under the quoted background conditions. The quantum efficiency and generation/recombination noise arc taken into account, but otherwise the detector is assumed to be noise free. The detector quantum efficiency was assumed to be 30%. The detector NEP, defined as the optical power equivalent to the intrinsic noise of the combination of detector and readout electronics under dark condition, is expected to be 5 x 18 W Hz 1,'2 (c) The coupling factor is defined as (Toid X X 1ltel x i/2)_ I where Tcojd is the transmission of the instrument as quoted above.. I1hop is the chopping efficiency (0.45), and is the telescope efficiency as listed in the table. The factor takes into account that, for the photoconductive array, several pixels have to be coadded to recover the light from a point source. The system NEP is obtained by multiplying the geometric sum of the NEPs (background and detector) with the coupling factor. Table 4 . Background and system noise levels in spectroscopy and photometry modes. Table 4 gives an overview of the background and the NEPs for the different modes of operation, both referred to the detector and referred to the sky including all losses in the system.
DETECTOR ARRAYS 5.1. Photoconductor Arrays
The desired wavelength range of 45 to 210 im can be be covered with good responsivity by a combination of stressed and unstressed Ge:Ga photoconductors (Fig. 6 ). The stressed array will be described in detail below. The unstressed array is almost identical to the stressed array, except that we will apply only about 10% of the stress level needed for the long-wavelength response. The projected (dark) detector NEP is < 5 x 1O_18 W Hz112 , a value which has already been reached with similar designs in a balloon-borne experiment.6 Detective quantum efficiencies of 30% will be feasible with careful cavity design.7
Wavelength (j.&m) Figure 6 . Relative spectral response of stressed (solid trace) and unstressed (dashed trace) Ge:Ga.
Design Considerations
A computer rendering of the envisioned array is shown in Fig. 7 together with a photo of the 5 x 5 stressed Ge:Ga array used on the KAO. 7 Because of the high reflectivity of germanium, each detector is enclosed in an integrating cavity to improve the quantum efficiency. The light cones in front of the actual detector block provide for area-filling light collection. The light cones also act as a very efficient means of straylight suppression because their solid angle of acceptance is matched to the re-imaging optics such that out-of-beam light is rejected. The light cones are individually tilted in the focal plane to match the angle of incoming light.
The 25 x 16 pixels detector arrays consist of 25 columns of 1 x 16 linear arrays, each with its own stressing mechanism. Fig. S shows a sketch of the stressing mechanism of one 1 x 16 linear array.
In order to avoid inhomogeneous stress on the detectors or stress loss along one column of 16 detectors, every detector has to be centered with very high accuracy (see section 5.3). The housing of the detector array is designed such that the front part, which contains the stack of detectors, is mechanically separated from the back part via a long slit. In this way any distortion of the detector housing happens at the back end (see section 5.3). The stress is applied by a single screw located at the top of the detector stack. Because of the horizontal slit near its top, the detector housing acts as a spring.
The detector housing is maintained at a constant bias voltage, while the signal end of the detectors is electrically insulated from the housing by a thin sheet of sapphire. The corners of the detectors are centered with respect to the entrance hole to make sure that the first pass of reflected radiation is trapped by the integrating cavity and not reflected directly back out of the entrance hole. The pistons above and below the detector pixels consist of three :iiiii Figure 8 . Left: Sketch of the stressing mechanism of one 1 x 16 linear array. The enlarged section shows one detector between two pistons. The signal end of the detector is in contact with a sheet of copper-beryllium which serves both as a cushion pad and the connection with the signal wire. This sheet of copper-beryllium is electrically insulated from the next piston by a thin sheet of sapphire. Right: Top view of the cavity and light cone.
parts of tungsten carbide which are able to compensate for nonparallel surfaces of the other components of the stack. The signal end of the detector is in contact with a sheet of copper-beryllium which serves both as a cushion pad and as the connection with the signal wire. The inner cavity wall, the pistons and the sheets of copper-beryllium are gold coated in order to obtain a good reflexivity in the cavity. In order to irriprove our stressing mechanism and to know within which accuracy the detectors have to he centered with respect to their cavity we did a finite element stress analysis. We did not simulate the entire stack of 16 detectors but only one germanium detector between two pistons of stainless steel which apply a stress of 500 N to the detector. Figure 9a shows the resulting stress distribution in the detector in the case of a slightly eccentric (.r =20 jim) detector wihtout any cushion pad. Although the range of stress values is significantly reduced it is still to high, which demonstrates the requirement of centered detectors, at least within an accuracy of 10 jim. Table 5 summarizes the results for the eccentric case together with results obtained for the case of perfect centered detectors with and without cushion pads. Again, the range of stress values is steeply reduced with the use of cushion pads.
Detector Housing
To study the effect ot the applied stress on the detector housing, we also did a finite element calculation of the stress distribution in the detector housing. Fig. 9b shows the result in the case of an external stress of 500 N. Again, the different grey levels correspond to different stress values.
As expected, the highest stress values occur at the inner radius of the c-shaped clamp, whereas we obtain low and homogeneous stress values in the front, part of the detector housing. This demonstrates the successful mechanical separation of the front part from the rest of the detector housing. Table 5 . Res'alts of the finite element stress calculation for the case of eccentric (LIx = 2Opm) and centered detector both with and without cushion pads. °!z,min and c-Tz,max are the lowest and highest stress values and tc is their difference. All number are in N/mm2.
Front End Electronics
The Front End Electronics or FEE located at the back end of the detector housing is a thin film hybrid composed of some passive components (resistors, capacitors) and the active Cold Read-out Electronics circuit (CRE). The purpose of the FEE is to amplify and multiplex the signals of the 16 detectors of one linear array. The CItE is a specially designed CMOS circuit under development for FIRST-PACS which can operate at liquid He temperature or lower.8 For each pixel, the detector current is read out by a capacitive feedback, integrating amplifier. Up to 3 different integration capacitors (0.1, 1, 10 pF) can be selected to cover a large range of detector current values.
A sample-and-hold circuit acts as an analog memory between the integrator and multiplexing circuit. It allows destructive as well as non-destructive readout. All channels are sampled at the same time. A multiplexer circuit switches the stored voltages of the sample and hold circuitry sequentially via an output stage to the output of the CRE. This is done at the speed of an externally applied clock signal ('10 kHz).
Warm Readout Electronics
Each integrated CRE circuit is designed to sample 16 pixels at a time, which is one complete column of the detector array. To avoid further, time-critical, high-speed analog multiplexing, a converter stage consisting of 2 x 25 16-bit BiCMOS A/D converters will enable the complete readout of each 16 x 25 pixel photoconductor array. Considering the comparably high power dissipation of the A/D converters (about 100mW each), it is clear that the converter stage has to be located ouside of the cryostat. To minimize the load on the cryogenic multiplexer and the crosstalk between the analog data lines to the converter stage, one has to apply very careful shielding and use output signal feedback on the shield, in order to reduce capacitive loading.
The relatively large time constant of the CRE muliplexer requires that the readout and conversion timing be very precise in order to obtain the necessary accuracy.
A digital multiplexer curcuit provides parallel/serial conversion of all 16-bit words produced by the A/D converter stage for both 16 x 25 pixel photoconductor arrays. At a maximum sampling rate of 10kHz this results in a serial data stream of 8Mbit per second which is transmitted to the data aquisition system via fiber optics.
SUMMARY OF SCIENTIFIC CAPABILITIES OF FIFI LS
The grating spectrometer has two fixed pixel sizes of 7" (45 -110 m) and 14" (110 -210 pm), respectively, determined by the image slicer. The resulting FOVs of 5 x 5 pixels are observed simultaneously with the two arrays. The working diffraction order of the short-A array is selected with exchangable filters. The observing wavelength is tuned by tilting the gratings in each channel. Spectra covering ' 2000km/s around the selected spectral line are obtained simultaneously for all 50 spatial pixels. A summary of the important operating characteristics of the spectrometer is shown in the Table 6. 983
